Oxygen Evolution and Recombination Kinetics Inside Sealed
The oxygen evolution and recombination kinetics in Ni-based battery systems have been investigated under temperaturecontrolled, steady-state, overcharging conditions within a temperature range of 0-60°C. Theoretical relationships for both reactions have been derived. The mathematical relationships have been confirmed by experiments on sealed rechargeable NiCd batteries. Under steady-state overcharging conditions, the Cd electrode potential was proven to be constant, thereby significantly reducing the complexity of the interpretation of the results. The oxygen evolution reaction was found to be a two-step process at the Ni electrode: two linear Tafel dependencies were found at low and high currents, separated by a transition region at intermediate currents. The oxygen recombination kinetics was found to be first-order in partial oxygen pressure, strongly suggesting that the recombination reaction is purely diffusion-controlled by oxygen, redissolved into the electrolyte, to the Cd electrode surface. For all reactions, activation energies have been determined. The results can directly be applied to aqueous battery models and give more insight into both the overcharging and self-discharge processes occurring in these Ni-based systems. The use of portable electronic equipment such as, for example, computers, telephones, shavers, and power tools, has been rapidly growing during the last few decades. Obviously, to power these portable devices, small rechargeable batteries are indispensable. In addition, the use of secondary batteries in the automotive sector is also growing sharply. Large batteries and battery packs are increasingly used to power ͑hybrid͒ electrical vehicles ͑EVs and HEVs͒.
Various sealed rechargeable battery types are presently available for energy storage. The three most frequently applied battery systems in these applications are the aqueous NiCd 1 and nickel-metal hydride ͑NiMH͒ 2, 3 systems and the nonaqueous Li-ion system, 4 each of them having specific advantages and disadvantages. While operation of the more expensive Li-ion batteries requires quite a few electronic safety precautions, 5 Ni-based systems can be operated in a relatively simple way, making the mature and robust NiCd and NiMH batteries economically attractive for a wide range of applications.
One of the most important requirements for aqueous battery systems is that they must be resistant to prolonged overcharging. It is well known that at the end of the charging process and during overcharging, a severe competition occurs between, on the one hand, the main electrochemical energy storage reactions and, on the other hand, the parasitic oxygen evolution and recombination reactions. [1] [2] [3] The kinetics of these reactions determine the internal gas pressure, which will be established inside the batteries during ͑over͒charging and ultimately determine at which rate these batteries can be charged. Evidently, to operate Ni-based batteries under a wide variety of charging conditions, the oxygen gas pressure must remain within reasonable limits. This puts some serious demands on the kinetics of the oxygen evolution and recombination reactions.
Nowadays, a lot of effort has been devoted to model rechargeable batteries, including both aqueous and nonaqueous systems. [5] [6] [7] [8] In recent work, it has been shown that the voltage characteristics, including the accompanying pressure and temperature behavior of both sealed rechargeable NiCd 5,9,10 and NiMH 11 batteries, can be successfully modeled. Using these models, it has been illustrated that this way of modeling is helpful to simulate not only these complex battery characteristics, but also the mutual electrical and thermal interaction between the battery or battery pack and the electronics used in the application. 5, 12 In order to introduce the appropriate processes and corresponding parameters into these models, more insight in the oxygen kinetics is required. The aim of the present paper is to investigate the kinetics of both the oxygen evolution and oxygen recombination reaction inside sealed Ni-based battery systems under practical battery operating conditions rather than to clarify the detailed mechanism of the oxygen recombination reactions.
As shown in this paper, the electrode potential of the individual electrodes plays an important role in the oxygen reaction kinetics. In contrast to the metal hydride ͑MH͒ electrode, the cadmium electrode is based on a dissolution/precipitation mechanism, ultimately resulting in a two-phase, solid-state, redox system. 13 This implies that the cadmium electrode potential, in contrast to the MH electrode potential, is independent of its state-of-charge ͑SOC͒ and can be considered as constant under certain conditions, thereby significantly simplifying the theoretical and experimental complexity for the oxygen kinetics. In this paper, we therefore concentrate on unraveling the oxygen evolution and recombination kinetics in NiCd batteries. The impact of these results on the corresponding kinetics in NiMH is discussed.
Theoretical Considerations
When NiCd batteries are charged ͑ch͒, electrical energy is converted into chemical energy and the reverse process takes place during discharging ͑d͒. The main electrochemical energy storage reactions can, in their most simplified form, be represented by 
͓2͔
Since the Ni electrode is designed to be the capacity-determining electrode in NiCd batteries, 10 it is generally accepted that an oxygen recombination cycle is initiated at the end of the charging process: O 2 is evolved at the Ni electrode and will recombine at the Cd electrode. The overall oxygen evolution reaction at the Ni electrode can, in its most simplified form, be represented by
where it is assumed that the produced oxygen dissolves into the liquid electrolyte ͑l͒. A more detailed reaction sequence is treated in the Discussion. Equilibrium exists between oxygen dissolved in the electrolyte, O 2 ͑l͒, and that present in the gas phase, O 2 ͑g͒. This equilibrium can be represented by
where k 1 and k 2 are the respective rate constants. Because Cd͑OH͒ 2 is present in excess in the Cd electrode, 10 reduction of Cd͑OH͒ 2 still continues, according to Reaction 2. As a result, the partial oxygen pressure within the cell starts to rise and electrochemical conversion of O 2 will slowly be initiated at the Cd electrode, according to
A general expression for the external current supplied to the battery ͑I NiCd ͒ can now be given
where the partial currents flowing through the Ni electrode, which are composed of the main electrochemical reaction ͑I Ni ͒ and the oxygen evolution reaction ͑I O 2 ͒, must of course equalize the partial currents flowing through the Cd electrode, which are composed of the Cd energy storage reaction ͑I Cd ͒ and the oxygen recombination reaction ͑I rec ͒. From Eq. 5 it is clear that water is required to facilitate the recombination reaction. The most likely recombination mechanism is that oxygen coming from the Ni electrode is transported via the gas phase toward the Cd electrode. Here, oxygen redissolves into the electrolyte, and transport toward the Cd-electrode/electrolyte interface takes place by means of diffusion where it is, subsequently, electrochemically converted. The presence of three-phase boundary regions is generally accepted to play a crucial role in the recombination reaction.
The interplay between the oxygen evolution and oxygen recombination kinetics ultimately determines the development of the partial oxygen pressure inside NiCd batteries. The gas law represents the relationship between the partial oxygen pressure ͑p O 2 ͒, the battery temperature ͑T͒, and the free gas volume ͑V g ͒ inside the battery, according to
where R is the gas constant and m O 2 is the molar amount of O 2 in both the gas phase and dissolved in the electrolyte. Since the solubility of O 2 in strong alkaline solutions is very low compared to that stored in the gas phase, 14 
where n, the number of electrons involved, is 4 according to Eq. 3 and 5 and F is the Faraday constant. Combining Eq. 7 and 8 leads to the general expression for the pressure development inside NiCd dp
A special case can now be considered when the supplied current to the battery is entirely used to drive the oxygen evolution and recombination cycle. In this case, a steady-state situation is reached in the overcharging regime, where
and hence that
Under these conditions, electrochemical conversion of Ni and Cd species no longer takes place. As pointed out below, this steady-state condition has a lot of favorable interpretational advantages.
Oxygen evolution.-Since oxygen evolution at a fully charged Ni electrode takes place at relatively positive potentials, the kinetic description of this reaction can be considerably simplified by considering only the anodic branch of the Butler-Volmer equation, 10 according to
where I O 2 represents the partial oxygen evolution current, ␣ O 2 is the charge-transfer coefficient, and the exchange current, , as they are considered to be constant in the concentrated battery electrolyte ͑Ͼ8 M͒.
Assuming that oxygen behaves like an ideal gas, Eq. 4 reveals that the activity of oxygen dissolved in the electrolyte relates to the partial oxygen pressure p O 2 , according to 
It should be noted that Eq. 18 reveals that the oxygen evolution kinetics is independent of the partial oxygen gas pressure, as expected from Eq. 3. Since the battery voltage is much more easily accessible than the individual electrode potentials in sealed batteries, E NiCd ͑=E Ni -E Cd ͒ is introduced in Eq. 18, which ultimately leads to
in which ⌲ O 2 can be considered as a modified form of the exchange current ͑see Eq. 13͒
͓20͔
Considering the special condition of steady state when dp O 2 /dt = 0 ͑Eq. 10͒, the electrochemical reduction of Cd͑OH͒ 2 no longer takes place and I NiCd = I O 2 = I rec . Consequently, the overpotential at the Cd electrode is 0 and, as will be experimentally confirmed, E Cd can be considered as constant for the Cd two-phase system. Performing the experiments under these steady-state conditions and plotting the semilogarithmic form of the supplied current vs. the battery voltage, according to
yields essential kinetic information for the oxygen evolution reaction. It should, however, be noted that both E Cd and E O 2 o are temperature-dependent via the change in entropy by
where the value for the entropy change ⌬S i can be either positive or negative depending on the thermodynamics of the reaction species ͑i͒.
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Oxygen recombination.-For a purely kinetically controlled oxygen reduction reaction, for which no transport limitations have to be considered, the partial recombination current ͑I kin ͒ can be expressed by the cathodic branch of the Butler-Volmer equation
where I rec o , the exchange current for the recombination reaction, is given by
͓24͔
It should, however, be noted that k a and k c do not necessarily need to be the same as those for the oxygen evolution reaction in Eq. 13. Considering similar elimination steps to those used to derive Eq. 19, we obtain
where
is composed of the various constants, which are now specified for the recombination reaction at the Cd electrode. Plotting the logarithmic form of Eq. 25 gives
Again, under steady-state conditions, E Cd can be considered as constant and both x rec and K rec can be deduced from the slope and intercept, respectively, of the expected linear dependence. In contrast to the oxygen evolution kinetics, the recombination kinetics is, according to Eq. 5, indeed dependent on the partial oxygen pressure.
Since the oxygen reduction reaction takes place at very high overpotentials, i.e., at very negative potentials with respect to E O 2 eq , it is reasonable to assume that transport of O 2 toward the electrode interface might become a limiting factor. Assuming that a linear concentration gradient is established across the diffusion layer thickness, the recombination rate can be described by
is the activity of oxygen in the bulk of the electrolyte, ␥ O 2 is the activity coefficient for dissolved oxygen, and d O 2 is the average diffusion layer thickness, through which O 2 must be transported to the interface. In the extreme case, when the recombination rate is completely dominated by mass transport, a O 2 ͑l͒ at the electrode surface equals zero and the diffusion-controlled recombination current ͑I dif ͒ can be reduced to
in which the partial oxygen pressure ͑Eq. 16͒ is again introduced. From Eq. 29 it is clear that a linear dependence between the recombination current and p O 2 is to be expected under purely diffusioncontrolled conditions.
Experimental
All experiments have been performed with commercial AA-size NiCd batteries of the type 80AAS ͑Matsushita Battery Industries͒. It is well known that, due to the initiated oxygen recombination reaction, a lot of heat will be produced inside the batteries, leading to a significant temperature rise. 10 In order to perform proper kinetic studies at constant temperatures, water jackets made of well-heat conducting, copper were tightly adjusted around the batteries. To further improve the heat exchange between the batteries and the water jackets, the batteries were lubricated with a heat-conducting resin ͑heat sink compound 340 from Dow Corning, Belgium͒ before attachment. The temperature was controlled by means of a thermostat ͑Neslab͒ within the temperature range of 0-60°C ͑accuracy is 0.5°C͒. The temperature of the batteries was measured by means of Pt-100 thermocouples within an accuracy of 0.5°C.
To measure the gas pressure build-up during the experiments, small holes with a diameter of 1 mm were drilled in the flat bottoms of the batteries. To reduce the risk of electrolyte loss, this was done just before the experiments were started. Subsequently, the batteries together with the water jackets were placed into holders to which pressure transducers ͑Transamerica Instruments type no. 4702-10͒ were attached. Double O-ring constructions ensured gas-tight sealing between the batteries and transducers. The pressure was measured within an accuracy of 0.01 bar. In order not to disturb the battery behavior too much, the dead volume of the pressure transducer, including the supply tube, was kept as small as possible and was calibrated to be 1.17 mL. This is less than the battery void volume, which was analyzed to be 1.8 mL. Separate electrical contacts were used for current flow and voltage measurements.
Before starting the kinetic measurements all batteries were activated for at least 20 cycles under thermostatic conditions ͑20°C͒ until constant charge/discharge behavior was attained. The condi-tions of such an activation cycle consisted of a 3-h charging period, using a 400-mA current ͑0.5 C-rate͒ followed by an open-circuit period of 60 min. Subsequently, the batteries were discharged with 400 mA until the cutoff voltage of 0.9 V was reached. After a resting period of 15 min, the batteries were additionally deepdischarged, using a lower current of 80 mA ͑0.1 C͒, again until the same cutoff voltage was reached. The activation cycle was completed by a resting period of 15 min.
The kinetics of the oxygen evolution and recombination reactions was investigated during continuously overcharging by stepwise changing the overcharging current. Fully discharged batteries were therefore initially charged under moderate current ͑80 mA͒ conditions for 20 h ͑200% depth-of-charge͒ to ensure a steady-state situation in the overcharge region to be attained, as could be recognized on the constant values of the three measured parameters ͑V, P, and T͒. After this period the current was lowered stepwise down to 5 mA. The actual kinetic measurement was performed by increasing the current stepwise up to 2 A. The stabilization time needed to attain a new steady state was obviously dependent on the applied current, and the overcharging period therefore ranged between 150 and 400 min for the high and low current region, respectively. This procedure was repeated at every temperature. To get the batteries used to a new ambient temperature, they were reactivated for three cycles before the kinetic measurements were performed. The reactivation cycling regime was the same as that used for the activation cycles described above. Flexible, in-house-designed, automatic cycling equipment was used to perform both the cycling experiments and the custom-type overcharging experiments. V, P, and T values were continuously recorded.
Impedance measurements were performed with conventional equipment ͑Autolab from Ecochemie͒ under galvanostatic control during continuous overcharging with a constant dc-current ͑I dc ͒ in the range of 80 Ͻ I dc Ͻ 1120 mA and using an alternating current of 5 mA. The investigated frequency range was from 10 −1 to 10 4 Hz. The equilibrium potential measurements of the Ni and Cd electrodes were performed under the same mechanical conditions as those in sealed batteries. After the batteries were completely activated and, subsequently, fully discharged, the caps accommodating the vents were removed and extra electrolyte with exactly the same composition as that used in the commercial batteries was added. 15 An Hg/HgO reference electrode was closely positioned above the winded electrode package. Also in this experimental setup, the battery was thermostated using the copper water jacket. The temperature was controlled at 20°C. The fully discharged batteries were charged stepwise for 2.5 min with 0.5 C ͑400 mA͒. After current interruption, the electrodes were allowed to relax to their equilibrium potential for 5 h before the next charging step was initiated. To prevent the uncertainty of the state-of-charge ͑SOC͒ at higher values of SOC, resulting from the competition with the oxygen evolution reaction at the Ni electrode, a SOC value of 75% was taken as maximum, after which the current was reversed. However, some E Cd eq measurements were also performed after current interruption in the overcharging region where the SOC of the Ni electrode is poorly defined. Both the Ni electrode ͑E Ni ͒ and Cd electrode potential ͑E Cd ͒ were monitored against the reference electrode. To check these measurements, the battery voltage ͑E NiCd ͒ was also inspected and was found to be in perfect agreement with the individual electrode potentials in all cases, i.e., E NiCd -͑E Ni -E Cd ͒ Ͻ 2 mV.
Results
Several activation cycles measured at 20°C are shown in Fig. 1 . The first charging cycle ͓curve ͑a͔͒ reveals that charging occurs at rather high voltages, especially in the region where the competition with the oxygen evolution and recombination reactions occurs. After 180 min, the charging current was interrupted for 1 h, which was followed by discharging the battery. The overcharging behavior changed drastically during the following charging procedures as curves ͑b͒ and ͑c͒ show for the second and third charging cycle, respectively. After approximately 20 cycles ͓curve ͑d͔͒, the voltage curves had stabilized and did not change anymore. The voltage dependence during both the open-circuit and discharging period is not very activation-dependent, indicating that activation is mainly related to the oxygen recombination cycle. In line with this observation, the discharge capacities are more or less the same for all cycles. It should be emphasized that the appearance of the voltage curves shown in Fig. 1 may deviate from those normally reported, such as the characteristic −dV/dt behavior in the overcharge region. 10 This is due to the special temperature-controlled conditions adopted in the present experiments, which are rather uncommon in battery research.
After the activation period was completed, the kinetic investigations were started. Part of the overcharging procedure is shown in Fig. 2 . At t = 0 ͑arbitrary value͒, the charging current was increased from 1.12 to 1.28 A. The voltage increases rather abruptly and relaxes toward a new steady-state value within about 40 min, while the pressure, on the other hand, slowly increases toward the new steady state. The relaxation times of the voltage and pressure curves are clearly coupled to one another. After stabilization, the current was further increased in two steps via 1.44 A at 150 min up to 1.60 A after 300 min ͑see Fig. 2͒ . After the final steady-state situation was accomplished at the highest current, the current was switched off and both the voltage and pressure relaxed to their low equilibrium state. The temperature was fixed at 20°C throughout the experiment in this example, as Fig. 2 reveals. The dependence of the established steady-state oxygen pressure on the applied overcharging current is shown in Fig. 3 . Although some spread in the results is found, especially at low temperatures, very likely due to the severe development of oxygen bubbles at the Ni electrode, it can be seen that straight lines passing through the origin are obtained at all temperatures. As expected, the partial oxygen pressures are significantly reduced at higher temperatures.
The influence of the battery SOC on the electrode potentials of both the Ni and Cd electrode inside an opened NiCd battery is revealed in Fig. 4 . Curves ͑a͒ and ͑b͒ refer to the open-circuit voltage ͑OCV͒ dependencies of the Ni electrode during charging and discharging, respectively. The potentials were measured against an Hg/HgO reference electrode. A large hysteresis was found between charging and discharging, which amounts to about 100 mV. In contrast to the Ni electrode, the open-circuit potential of the Cd electrode does not show any dependence on the SOC within an accuracy of 2 mV. No sign of any hysteresis between the charging ͓curve ͑d͔͒ and discharging OCV ͓curve ͑e͔͒ was found in this case. The differences between measured OCV values for the Ni and Cd electrode are in perfect agreement ͑within 2 mV͒ with the measured battery voltage at all SOC values, as expected. Similar measurements have been performed in the overcharging region. Since the SOC of the Ni electrode is rather unreliable in this region due to the parasitic oxygen reaction, the x axis of Fig. 4 becomes highly unreliable. However, the Cd electrode potential was found to remain at the same constant value, as indicated in Fig. 4 , curves ͑d͒ and ͑e͒. This is indeed to be expected from the fact that both solid Cd and Cd͑OH͒ 2 species are still present in the Cd electrode as the capacity of this electrode is much larger than that of the capacity-determining Ni electrode.
In order to correct the measured battery voltage for the ohmic losses occurring under current flowing conditions, the sealed batteries were subjected to impedance measurements under steady-state overcharging conditions at various currents at 20°C. A typical example of such an impedance measurement, using an overcharging current of 160 mA, is shown in Fig. 5 . Only the most informative part of the impedance spectrum at high frequencies is plotted. The intercept with the x axis reveals the real part of the impedance, corresponding to an ohmic resistance of 23 m⍀. This value was found to be independent of the applied overcharging current within ±0.5 m⍀ and is in agreement with what is usually accepted as ohmic resistance for this type of aqueous battery system. 1, 10 Considering the temperature dependency of the ionic conductivity ͓͑T͔͒ of strong alkaline electrolytes, 14 the ohmic resistances at different temperatures ͓R͑T͔͒ can be calculated, according to
The as-calculated values are used for the Ohmic loss corrections at the other temperatures. An example of a corrected current-voltage curve obtained with a sealed rechargeable battery under steady-state overcharging conditions at 0°C is shown in Fig. 6 . Two separate regions can clearly be distinguished. These two regions become even more pronounced when the current is plotted on a logarithmic scale in Fig. 7 . It is evident that at both low and high currents, the kinetics obeys simple Tafel relationships, which are represented by the straight lines of curves ͑a͒ and ͑b͒, respectively. In the intermediate current range, a transfer from one Tafel region to another is found. Figure 8 shows the results at various temperatures. As expected from improved kinetics, the curves are shifted toward lower voltages at higher temperatures.
Discussion
The chemical and physical processes visualizing the oxygen evolution and recombination process inside NiCd batteries are schematically depicted in Fig. 9 . The oxygen formed at the Ni electrode dissolves into the electrolyte ͓O 2 ͔ and will, subsequently, be transported to the gas phase ͓O 2 ͔. Since the oxygen solubility in alkaline electrolyte is relatively poor, 14 transportation via the gas phase by means of gas bubbles will be the most dominant transportation mechanism. According to Eq. 5, the availability of water is essential for the oxygen recombination to occur. Redissolution of O 2 into the electrolyte and diffusion toward the Cd-electrode/electrolyte interface is therefore an essential step. The availability of three-phase boundary regions seems to be crucial in this respect and semiwetted electrodes are therefore generally thought to be very favorable for a high recombination rate, as is schematically indicated in Fig. 9 .
The present experimental results reveal that fully activated NiCd batteries ͑Fig. 1͒ can be overcharged to a large extent under temperature-controlled conditions. These conditions are required in order to properly investigate the kinetic properties of both the oxygen evolution and recombination reactions. Ni and Cd electrodes are separated by a separator, which is immersed in the strong alkaline electrolyte. Oxygen formation is initiated at the Ni electrode/ electrolyte interface. Small gas bubbles are formed and the gas will be transported to the gas phase. Recombination starts by redissolution of oxygen in the electrolyte and will subsequently be reduced at the Cd-electrode/ electrolyte interface. The recombination rate is strongly dependent on the diffusion layer thickness, through which oxygen has to be transported and is most favorable at the three-phase boundaries, as is schematically indicated by arrows ͑a͒-͑c͒. Characteristic of this steady-state condition is that both the battery voltage and partial oxygen pressure have become constant. Consequently, according to Eq. 9 and 10, the rate of oxygen evolution is equal to that of oxygen recombination and the rates of the main electrochemical storage reactions, I Ni and I Cd , are diminished to zero. This implies that Eq. 11 applies. For convenience, we first discuss the relevant consequences for the oxygen recombination kinetics and after that consider the oxygen evolution kinetics under these conditions.
Oxygen recombination.-Plotting the supplied battery current as a function of the steady-state partial oxygen pressure clearly shows that the recombination reaction is linearly dependent on p O 2 at all temperatures ͑Fig. 3͒. Assuming that the recombination reaction is purely kinetically controlled, it is evident that x rec in Eq. 25 must equal 1. Since for a purely diffusion-controlled recombination a similar dependency applies ͑see Eq. 29͒ and it can theoretically be shown that this also holds for a combined, first-order, kinetic/ diffusion-controlled, reaction, it is impossible to conclude from this linear dependency what the rate-determining step for oxygen reduction at the Cd electrode is. However, considering that the Cdelectrode potential ͓E Cd = −0.808 V vs. a standard hydrogen electrode ͑SHE͒ 10 ͔, at which the oxygen reduction reaction takes place, is more than 1.2 V negative with respect to the equilibrium potential of the oxygen redox couple ͑E O 2 eq = +0.401 V vs. SHE at 1 bar 10 ͒, it is more than likely that oxygen reduction will be fully transportcontrolled. This is also the mechanism we adopted in our earlier battery modeling work.
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The diffusion-controlled, potential-independent recombination current at the Cd electrode is schematically represented by curves ͑a͒ in Fig. 10 . In addition, the electrochemical charge-transfer processes of the Cd and Ni electrode are indicated by curves ͑b͒ and ͑d͒,͑e͒, respectively. As pointed out above, no current is consumed by both the Ni and Cd reaction under steady-state conditions and, consequently, oxygen evolution and recombination take place at E Ni eq and E Cd eq , respectively. Under these conditions, the oxygen evolution rate at the Ni electrode, schematically indicated by I 1 in curve ͑c͒, equals the recombination rate at the Cd electrode ͓I 1 in curve ͑a͔͒. The meaning of I 2 and I 3 is relevant for the non-steady-state conditions, as discussed later.
According to Eq. 29, information about the diffusion process can be obtained from the slopes of the lines found in Fig. 3 . This equation shows that most of the factors influencing the recombination kinetics can be considered as constants, including A Cd , D O 2 , O 2 , and ␥ O 2 . More difficult to access is the diffusion layer thickness, d O 2 . It is clear from Fig. 9 that not only A Ni but also A Cd refers to the wetted part of the Ni and Cd electrode, respectively. Evidently, redissolution and transportation toward the electrode interface will occur fast near the solid-electrolyte-gas three-phase edges where the diffusion layer thickness is extremely small ͓see position ͑a͒ in Fig.  9͔ . The diffusion layer thickness increases quickly farther away from these three-phase edges, as is indicated by positions ͑b͒ and ͑c͒. Conclusively, there is a continuum in values for d O 2 . In order to deal with such a continuum, d O 2 is considered to be an average diffusion layer thickness in the present work.
The as-obtained slopes from the I vs. p O 2 relationship ͑Fig. 3͒ have been plotted according to an Arrhenius relationship in Fig. 11 . A linear dependence is found at temperatures up to 40°C. It has been shown by Davis et al. 16 that the solubility of oxygen in the strong alkaline solutions used in rechargeable batteries is independent of the temperature within a temperature range of 0-60°C and hence that O 2 remains essentially constant. Assuming that both A Cd and d O 2 are also temperature-independent, the observed Arrhenius behavior can be attributed to the temperature dependency of D O 2 . Such dependence can be expressed by
where D O 2 o is the preexponential factor and E O 2 a is the activation energy for the diffusion coefficient of oxygen in strong alkaline solution. 10 The low value for the observed activation energy of 9.4 kJ/mol is mainly related to the viscosity of the aqueous electrolyte and is in line with those generally reported for diffusioncontrolled processes. eq ͒ and is represented by the potential-independent current-voltage curves ͑a͒. Oxygen recombination takes place at the open-circuit potential of Cd electrode ͓curve ͑b͔͒. Under these steady-state conditions, the rate of oxygen recombination is equal to the rate of oxygen evolution ͓curve ͑c͔͒, taking place at the open-circuit potential of the Ni electrode ͓E Ni eq on dashed curves ͑d͔͒ and is represented by I 1 . Instantaneously increasing the overcharging current by an amount I 2 to I 3 ͑I 3 = I 1 + I 2 ͒ immediately induces the potential at the Cd electrode to decrease and that of the Ni electrode to increase. As a result, the battery voltage increases simultaneously ͑see Fig.  2͒ . After relaxation toward the new steady-state situation, both oxygen evolution at the Ni electrode ͓curve ͑e͔͒ and oxygen recombination curve ͑a͒ at the Cd electrode take place again at E Ni eq and E Cd eq , respectively. Figure 11 . Calculated slope, as obtained from the current-pressure curves shown in Fig. 3 ͑see also corresponding Eq. 29͒, as a function of the reciprocal temperature.
At higher temperatures, a clear deviation from the linear Arrhenius dependence is observed. It is suggested that this might be due to the fact that the wetting ability of the electrode is changing, resulting in a larger number of three-phase regions and, consequently, in a favorable combination of a larger wetted surface area A Cd and smaller values for d O 2 ͑see Eq. 29͒. It should, however, be emphasized that this deviation toward higher values is in fact very attractive for the recombination reaction, keeping the internal gas pressure of the battery relatively low at higher temperatures.
It is desirable to keep the internal gas pressure inside rechargeable batteries as low as possible. From the present results, it becomes evident that this can be achieved by increasing the recombination rate. According to the lines of reasoning outlined above, this can be accomplished by increasing the number of three-phase boundary regions ͑see Fig. 10͒, i. e., by creating a larger number of both wetted and dry regions. By making use of specific additives creating both hydrophilic and hydrophobic regions, this would contribute to an enhanced recombination rate, keeping the internal gas pressure at more favorable levels.
Oxygen evolution.-The individual electrode potentials inside uncapped NiCd batteries have been studied by means of a reference electrode as a function of SOC in Fig. 4 . Apart from the hysteresiseffect characteristic for the Ni electrode, the OCV behavior is in good agreement with what is expected on the basis of a normal solid-solution dependence, as represented by the Nernst equation. 5, 9 For example, the agreement of the theoretical curve ͑c͒ with the experimental curve ͑a͒ obtained during charging is very close, especially, up to 50% SOC. A value of 0.449 V for E Ni o has been used in the calculation of curve ͑c͒. A similar fit during discharging ͓curve ͑b͔͒ reveals a value of 0.375 V for E Ni o during discharging. Similar values for the Ni hysteresis have been reported before. [18] [19] [20] More relevant for the present work is that curves ͑d͒ and ͑e͒ of Fig. 4 unequivocally show that the OCV of the Cd electrode is independent of its SOC. This also holds after relaxation from the overcharging region. Interestingly, this implies that the Cd electrode can be considered as an internal reference inside sealed NiCd batteries under the assumption that none of the current flowing through this electrode is used to drive the main electrochemical chargetransfer reaction ͑Eq. 2͒ and hence that the overpotential for the Cd reaction is zero. This result proves that the assumption of a constant Cd electrode potential in the derivation of the oxygen evolution kinetics ͑Eq. 21͒ is indeed fulfilled and that Tafel dependencies are to be expected. Figure 7 shows, however, that a simple semilogarithmic Tafel behavior is not found. Two Tafel lines are found at all temperatures ͑Fig. 8͒. Such two-step processes have been reported before for the oxygen evolution reaction in alkaline solutions. [21] [22] [23] According to Eq. 3, four electrons are involved in the overall reaction. Most likely, electron transfer will take place in successive steps, involving single-electron transfer. The change from one Tafel slope to another suggests that the rate-determining step of the oxygen evolution reaction is changing as a function of the applied current. The mathematics for such a multistep oxygen evolution reaction will be derived below.
Apart from charge transfer, adsorbed intermediate species are well known to be involved in most of the proposed oxygen evolution reaction mechanisms. 21, 24 In order to make the complexity of the mathematics not too high, only a sequential series of the four individual charge-transfer steps are considered in the present derivation. For a more detailed listing of the various possible oxygen evolution mechanisms, the reader is referred to Ref. [24] [25] [26] . The following general reaction scheme can, in the simplest case, be considered
with the overall reaction
where S 1 = 4 OH − ; S 2 , S 3 , S 4 are the intermediate species ͑S͒; and S 5 = O 2 ͑l͒. It is again assumed that the partial current-voltage dependencies for each charge-transfer step ͑Eq. 32-35͒ can be described by a Butler-Volmer-type of relationship, i.e.
where k j a and k j c are the rate constants for the anodic and cathodic partial reaction, respectively, a j and a j+1 are the activities of the S j and S j+1 species, respectively, and ␣ j are the individual chargetransfer coefficients for each charge-transfer step ͑ j͒, where j ranges from 1 to 4. Evidently, since electron transfer takes place in individual steps, both n and all reactions orders are now unity in all cases. It should, furthermore, be noted that it is essential to use the electrode voltage rather than overpotential ͑see Ref. 2 for detailed derivations͒ and that E O 2 = E Ni . In addition, a steady-state situation is assumed for each reaction step, i.e., the concentrations of intermediate species S 2 , S 3 , and S 4 are considered constant. Under these conditions, the partial currents are equal
and the oxygen evolution current is the summation of the partial currents
Eliminating the activities of the intermediate species from Eq. 37 by using Eq. 38 and 39, the following general expression for the oxygen current is obtained
Both the anodic and cathodic branch of the Butler-Volmer equation can be recognized at the two terms of the numerator in Eq. 40. The influence of the four sequential charge-transfer steps can be recognized at the various terms of the denominator. Depending on the values of the rate constants k j a , k j c , and E O 2 , the denominator can be dominated by either one or more of the four exponential terms. This is the origin of the presence of one or more Tafel slopes in the standard log I O 2 vs. E O 2 plot.
Considering that for single-electron transfer reactions ␣ must be within 0 and 1, it is obvious that
For very high values of E O 2 , it is clear that the first exponential term in the denominator of Eq. 40 will be dominant. Which exponent will be dominant for the lower values of E O 2 becomes apparent from the inspection of the Tafel plots. In our particular case, only two different Tafel slopes are observed. Interestingly, the slope for moderate values of E O 2 is of the order of 1/0.054 V −1 ͑in Fig. 7͒ , indicating a unity ␣ term in Eq. 41. This is only possible in one specific case: for moderate values of E O 2 , the exponent corresponding to ͑−1 + ␣ 1 + ␣ 3 + ␣ 4 ͒ will be dominant. The remaining exponential factors corresponding to ͑−2 + ␣ 1 + ␣ 2 + ␣ 4 ͒ and ͑−3 + ␣ 1 + ␣ 2 + ␣ 3 ͒ can then be neglected. Assuming that the simplified reaction scheme of Eq. 32-35 applies, this would imply that in the first steep part of the semilogarithmic Tafel plots ͑see Fig. 7 and 8͒, the second charge-transfer step is rate-determining, while at higher currents the first charge-transfer step becomes ratedetermining.
Together with the fact that the oxygen evolution occurs at relatively high overpotentials, the cathodic part in the numerator can again be neglected, resulting in a significantly simpler expression for the oxygen evolution current
Since E O 2 = E Ni = E NiCd + E Cd and E Cd has been proven to be constant under steady-state conditions, we finally obtain
and
The results presented in Fig. 7 and 8 have been analyzed according to Eq. 44-46. The solid lines in these figures represent the fit results. It is clear that the agreement between the measurements ͑symbols͒ and the mathematical expression ͑lines͒ is excellent in all cases. From these fits, the most relevant parameters have been derived as a function of temperature.
In our earlier NiCd modeling work, 10 we only adopted a onebranch oxygen evolution reaction. The present results show, however, that this assumption is far too simple. In order to cope with the more complex oxygen reaction sequence, we more recently modified these NiCd models by adopting the following equation
where I l and I h refer to low and high current region dependency, respectively. A similar equation is often adopted for mixed kinetic/ diffusion-controlled reactions. 28 In the present case, Eq. 47 can be interpreted from the point of a kinetic/kinetic-controlled reaction, since at different voltages, different steps of a multistep reaction scheme are rate-determining. 27 In the Appendix, it is shown that the general Eq. 44 can be easily transformed into expression 47. From a practical point of view, Eq. 47 is, however, more convenient. Evidently, exactly the same simulation results are obtained in both cases ͑solid lines in Fig. 7 and 8͒.
Using this convenient form ͑Eq. 47͒ and assuming that the redox potentials for all electrochemical charge-transfer steps are the same, extrapolating the straight lines of Fig. 7 and 8 Figure 12 shows the as-obtained values for K O 2 as a function of the reciprocal temperature. Although the scatter is substantial, straight lines can be derived for both the low and high current regions. From the slope of the low-current dependence ͓curve ͑a͔͒, an activation energy of 66.2 kJ/mol is calculated. Surprisingly, the high-current results do not reveal any temperature dependency ͓curve ͑b͔͒. Such temperature-independent behavior has been reported before for the hydrogen evolution reaction. 21 The values for ␣ can be calculated from the slope of the Tafel lines in Fig. 7 and 8 . Both the low-current alpha ͑␣ l ͒ and highcurrent alpha ͑␣ h ͒ clearly reveal the same temperature dependence in Fig. 13 , with ␣ l significantly higher than ␣ h . Conway reported and discussed the temperature dependence of alpha extensively and attributed this to the temperature-dependent free-energy curves. 21 So far, only the steady-state results have been discussed. Figure 2 revealed that after raising the overcharging current, the battery voltage instantaneously increases and, subsequently, slowly decreases in time toward a new steady-state value. On the other hand, the pressure rises slowly and the new steady-state pressure is reached after the same voltage relaxation time. In order to explain this behavior, we must discuss Fig. 10 in somewhat more detail.
Referring to steady-state currents, I 1 , in Fig. 10 it is clear that the rates of oxygen evolution and oxygen recombination are exactly balanced, as is schematically indicated in the current-voltage curves ͑a͒ and ͑c͒. Here it is important to note that the diffusion-controlled oxygen recombination current is, according to Eq. 29, proportional to the partial oxygen pressure inside the battery and that the evolution and recombination reaction take place at E Ni eq and E Cd eq , respectively. An instantaneous change of the current to a higher level by an amount I 2 ͑i.e., I applied = I 1 + I 2 , see Fig. 2͒ cannot induce an immediate pressure increase as the oxygen recombination rate remains at the same level I 1 ͑see Fig. 10͒ . Consequently, the increased current ͑I 2 ͒ must at least partly flow toward the main electrochemical storage reaction of the Cd electrode under the condition that I applied = I 1 + I 2 = I 3 . This results in the instantaneous, but temporary, change of the Cd electrode potential toward more negative voltages ͑see the I 2 voltage position in Fig. 10͒ and a small increase of SOC of the Cd electrode. As the oxygen evolution rate at the Ni electrode is at a higher level, it is evident that the partial oxygen pressure will slowly rise as the experiments in Fig. 2 indeed indicate. As a result, the recombination current plateau starts to increase and the Cd reaction rate will simultaneously diminish slowly to zero. Since the Cd electrode potential is independent of SOC ͑Fig. 4͒, the new steady-state situation is reached when the oxygen pressure is adjusted at that level where I O 2 equals I rec again ͑=I 3 in Fig. 10͒ . Under that condition, the Cd electrode potential has returned to the same steady-state voltage as before ͑E Cd eq ͒ and I 2 has become zero. The situation for the Ni electrode is somewhat different as E Ni eq is dependent on SOC ͑Fig. 4͒, especially at higher levels of SOC. Here, a new steady-state situation is reached ͓I 3 in curve ͑c͒ of Fig. 10͔ , where the current-potential curves of the Ni electrode and, consequently, the OCV are shifted toward more positive values ͓compare dashed lines of curves ͑d͔͒. A reversal of a voltage shift is, in contrast to the Cd case, not to be expected for the Ni electrode, and hence the battery voltage reduction upon current increase as observed in Fig. 2 must be attributed to the specific Cd electrode characteristics.
In previous work, we have described our modeling activities for aqueous battery systems, including NiCd and NiMH, 5,9-12 and organic Li-ion systems. 5, 29 The present results show that the oxygen recombination cycle inside NiCd is rather complex. It is very likely that the results can also be applied to other Ni-based battery systems, which are based on a similar oxygen recombination mechanism. A requirement is, of course, that the kinetics of both oxygen evolution and recombination reactions does not differ substantially. Since it is well known that the kinetics of electrochemical reactions strongly depends on the concentrations of the electroactive species involved, it is evident that in order to apply the present kinetic parameter values, the ͑electro͒chemical conditions may not differ too much. Since the NiMH battery system is based on a similar oxygen recombination cycle, 2 includes a similar type of Ni electrode, and also operates in a similar strong alkaline electrolyte, it seems reasonable to assume that the kinetics derived in the present paper can also be adopted for this battery system. It should, however, be emphasized that minor changes in the chemical composition between NiCd and NiMH batteries might be important and might induce kinetic and even mechanistic changes. It is worthwhile to note that the complexity inside NiMH is much higher as hydrogen will certainly contribute to the total gas pressure inside NiMH batteries. It has recently been experimentally confirmed by in situ Raman spectroscopic measurements. 30, 31 These more detailed measurements carried out with NiMH batteries will be reported separately in the near future.
Conclusions
The kinetics of the electrochemical oxygen evolution and oxygen recombination reaction has been investigated under thermostated, steady-state conditions at NiCd batteries within a temperature range of 0-60°C. The electrode potential of the Cd electrode was shown to be constant under these steady-state overcharging conditions, allowing us in situ to quantify the oxygen evolution kinetics at the Ni electrode. The oxygen evolution reaction was clearly found to be a two-step process. Each step was characterized by a specific Tafel slope and revealed that the rate-determining step is changing from low-current overcharging to high-current overcharging. A transfer from one rate-determining step to another takes place in the intermediate region. The intermediate kinetics could be perfectly described by a serial reaction sequence.
Oxygen recombination kinetics was found to be first-order in oxygen pressure, most likely diffusion-controlled by oxygen redissolution from the gas phase into the electrolyte, preferably in the solid/electrolyte/gas, three-phase boundary layers near the Cd electrode. Recombination is enhanced at higher temperatures, resulting in significantly reduced pressures. Due to the extremely high overpotential at which the oxygen reduction at the Cd electrode occurs, it is most likely that the reaction is controlled by transport of oxygen through the electrolyte. Apparent diffusion rate constants have been derived, which were found to be dependent on the ambient temperature. eq , as a function of the reciprocal temperature. Figure 13 . ␣ l and ␣ h , as obtained from the respective slopes of the lowcurrent and high-current Tafel lines ͑Eq. 21͒ shown in Fig. 7 and 8 , as a function of temperature.
